Background To reduce wear, the ideal bearing surface in joint arthroplasty should be smooth and hydrophilic. Ceramics generally offer better wettability than metals and can be polished to a smoother finish. However, clinical studies have found no reduction in liner wear when using yttria-stabilized zirconia (Y-TZP) instead of cobalt chromium alloy (CoCr) femoral heads. Question/purposes We (1) determined whether a hard, diamond-like carbon (DLC) coating would enhance the wettability of CoCr and magnesia-stabilized zirconia (Mg-PSZ) femoral heads without increasing roughness, and (2) compared their wear performance. Methods In an observational study limited to CoCr and Mg-PSZ heads, we measured roughness and contact angle on as-received and DLC-coated heads. Eight heads then were subjected to 11 million cycles of wear in a hip simulator against cross-linked ultrahigh molecular weight polyethylene (XLPE) liners.
Introduction
CoCr alloys are widely used as bearing surfaces against UHMWPE for knee and hip arthroplasties [6] [7] [8] . CoCr is harder and more resistant to corrosion than previous metals used in joint replacement, such as stainless steel, but during normal wear releases embedded carbides; these carbides become third bodies that can scratch the surface and accelerate UHMWPE wear [1, 13, 46] . Additionally, CoCr surfaces exhibit low wettability, with reduced lubrication properties owing to the lower surface energy associated with metal oxide surfaces [13] .
Ceramic materials generally offer a harder and more hydrophilic surface than CoCr and can be polished to a lower roughness [1, 12, 13, 46] . In hip wear simulator studies, Y-TZP [4] femoral heads induced less UHMWPE wear compared with CoCr heads [11, 39, 43] , and a clinical study of patients having bilateral THAs comparing the two materials found zirconia heads exhibited less wear than CoCr heads [23] . However, recent clinical studies have reported no reduction in cross-linked UHMWPE (XLPE) wear when using Y-TZP, often generically referred to as ''zirconia'' [34] , compared with CoCr femoral heads [17, 20, 21, 31, 45] . The failure to reduce wear might be explained by phase transformation and degradation of the metastable Y-TZP femoral heads [10, 15, 16, 26, 36, 37] . In contrast, Mg-PSZ [5] resists phase transformation and degradation in vivo and in artificial aging studies, maintaining its smooth surface finish and hardness [36, 37] , but no clinical or simulator data are available to evaluate its potential to reduce wear.
DLC coatings are among several surface modification techniques proposed to enhance bearing surfaces in total joint arthroplasties by conferring the strength and stability of diamond, but at a lower cost [14, 25, 33] . The DLC deposition process can be tailored to produce a strong amorphous film with no grain boundaries and hardness values ranging from 10 to 80 GPa [33] . However, DLCcoated titanium alloy femoral heads failed in clinical use [47] , and DLC-coated CoCr femoral heads reportedly do not reduce wear compared with uncoated CoCr heads in hip simulator tests [18] , but the durability and wear performance of DLC-coated ceramic materials is unknown. DLC-coated Mg-PSZ reportedly forms a stronger construct than DLC-coated CoCr [35] , suggesting an improved resistance to abrasive wear. The potential benefits of DLCcoated Mg-PSZ to reduce wear, however, are unknown.
In this observational study, we therefore determined whether (1) the addition of a hard DLC coating enhanced the wettability of CoCr and Mg-PSZ substrates without increasing surface roughness, (2) the use of Mg-PSZ resulted in less wear compared with CoCr femoral heads, and (3) the use of DLC-coated Mg-PSZ femoral heads further reduced wear. In addition, we qualitatively evaluated whether (4) the femoral head materials exhibited progressive roughening or other degradation of the bearing surface during the wear test.
Materials and Methods
We examined five never-implanted Mg-PSZ [5] (Xylon Ceramic Materials, Inc, Alfred, NY, USA) and five wrought CoCr [6, 8] (DiSanto Technology, Inc, Shelton, CT, USA) 28-mm femoral heads. The surfaces of an additional five wrought CoCr and five Mg-PSZ 28-mm femoral heads were modified with an amorphous DLC coating by a proprietary radiofrequency plasma chemical vapor deposition (RF-CVD) process (Diamonex, Morgan Advanced Ceramics Inc, Allentown, PA, USA). The heads to be coated were fixed to a water-cooled electrode in a vacuum chamber. After a negative bias was applied to the electrode, charged gases were injected into the chamber, forming plasma that bombarded the exposed surface with ions until a final coating thickness of approximately 3 lm was achieved. The resulting DLC coating was hydrogenated and generally amorphous, with no long-range crystal structures and approximately 20% to 30% sp 3 bonding, according to the coating vendor, exhibiting a nanohardness of approximately 23 GPa [38] . For comparison purposes, pure diamond crystals consist of only carbon atoms arranged in a tetrahedral configuration with 100% sp 3 covalent bonds (and a hardness of approximately 100 GPa), whereas graphite contains no sp 3 bonding [33] . As the coating was applied near ambient temperature, the substrate did not expand during the deposition process, and dimensional tolerances were maintained.
We made surface topography measurements by threedimensional, noncontact optical profilometry to determine whether the DLC coating improved roughness relative to the uncoated substrate. Optical profilometry phase-shifting scans (ZoomSurf 3D; Fogale Nanotech, Nîmes, France) were performed on each specimen at a magnification of 910 (633 lm 9 476 lm scan area), using a monochromatic, red-light source (wavelength = 640 nm) and a CCD camera target (763 9 572 pixels), for a vertical resolution of approximately 0.2 nm and a lateral resolution similar to light microscopy (approximately 0.6 lm). Calibration of the profilometer was verified by scanning a NIST-traceable 9.1-nm step-height standard (VLSI Standards, Inc, San Jose, CA, USA). After subtracting the spherical form, average roughness (Sa) and root-mean-square roughness (Sq) [3] were calculated as the average of three scans per specimen (at the pole, equator, and midway between the pole and equator of the femoral head), using Mountains-Map 1 Topography ST 4.1 software (Digital Surf, Besançon, France).
Relative wettability was measured as the contact angle by the sessile drop method [41] using microfiltered, distilled water and a custom-designed micropipette-based platform. Femoral heads were cleaned ultrasonically in stages before testing, with 10 minutes in methanol, 20 minutes in acetone, and 5 minutes in isopropyl alcohol [41] . The femoral heads were mounted with the central axis horizontal, and consecutive 0.25-lL droplets of distilled water were imaged digitally as a silhouette against a bright background within 5 seconds of being deposited, using glue-free cotton swabs to dry the specimen surface between drops. Care was taken to avoid distorting the droplet from the kinetic energy of its delivery [30] . Because the femoral heads were never implanted or subjected to wear tests, their surfaces were assumed to be homogenous, thus, droplets were imaged in one location near the equator of each head, in approximately the same location scanned for one of the roughness measurements, with the center axis horizontal. The contact angle of each specimen was calculated using the average of the last 10 of 20 total droplets, to minimize the influence of any residual organic material on the surface [2] . Contact angles were calculated using ImageJ software (National Institutes of Health, Bethesda, MD, USA) with the low-bond axisymmetric drop-shape analysis (LB-ADSA) plug-in [44] .
Two CoCr, three Mg-PSZ, and three DLC-Mg-PSZ femoral heads were randomly selected for wear tests in an eight-station hip wear simulator. DLC-CoCr specimens were not considered for wear tests because DLC-coated CoCr specimens reportedly exhibit poor adhesion in scratch tests [35] , and previous hip simulator studies suggest DLC-coated CoCr heads produce greater gravimetric wear compared with uncoated CoCr [18] and alumina femoral heads [40] . Eleven UHMWPE acetabular liners (eight wear specimens and three soak controls) were machined from GUR 1050 that had been cross-linked to 100 kGy by gamma irradiation and remelted at 150°C for 5 hours (MediTECH 1 , Fort Wayne, IN, USA); however, they were not subsequently sterilized. The liners were presoaked at room temperature until weight gain stabilized at a low value. Specimens were tested in an EW series, eight-station hip wear simulator (Materials Technology Corporation, La Canada, CA, USA), an anatomically inverted design, at a frequency of 1.25 Hz using a Paul loading curve [32] with peak loads of 2.3 to 2.4 kN up to 3 million cycles, and peak loads of 2.4 to 2.5 kN up to 11 million cycles thereafter, following pressure transducer maintenance and recalibration. A solution of 25% bovine serum (6.6 gm% total protein before dilution; HyClone, Logan, UT, USA) with 20 mmol/L EDTA and 0.3% sodium azide was prepared and vacuum filtered through 0.2-lm low-protein binding filters for use as a lubricant, and an eight-channel peristaltic pump (Rainin Instrument LLC, Oakland, CA, USA) dripped distilled water into each station to replace evaporated water during the tests. The experiment was paused intermittently to adjust serum levels and monitor bulk serum temperature to within 0.5°C. After each stage (every 375,000 cycles for the first 3 million cycles, and every 500,000 cycles for the final 8 million cycles), XLPE wear was measured gravimetrically [9] , and roughness of the pole region of each femoral head was measured by optical profilometry at 910 magnification, as described earlier. Finally, each liner/head wear couple was rotated to a different station before resuming the test, so that each wear couple spent 1.375 million cycles at each of the eight simulator stations during the course of the 11-million-cycle wear test.
The level of statistical significance associated with differences between the mean roughness measurements and between mean contact angle measurements of noncoated and coated groups was calculated by a heteroscedastic, two-sided unpaired t-test (Excel, Microsoft Corp, Redmond, WA, USA). Soak control-corrected mass lost or gained during wear tests was plotted for each femoral head type as a function of the number of wear cycles completed, and linear and nonlinear regression were performed to determine the most appropriate curve fit after the liners stopped gaining weight. Regression curves for each type of femoral head were calculated and compared by Prism software (GraphPad Software, Inc, La Jolla, CA, USA). The slopes of the final portion of the regression curves were assumed to represent steady-state wear, allowing us to compare the wear rate of CoCr and Mg-PSZ femoral heads, and compare the wear rate of uncoated and DLC-coated Mg-PSZ femoral heads. Post hoc power analyses were performed assuming normally distributed data, known nonequal variances, and a = 0.05 (Power on X, MMI-Software, Newcastle upon Tyne, UK). Briefly, the effect size was based on the difference between the means divided by the pooled variance, while the statistical power and the value of delta (d) were based on the effect size and the number of specimens in each group. A threefold reduction in wear or wear rate compared with CoCr was considered to be clinically important. Statistical power greater than 0.80 was required to avoid Type II errors (low power means the null hypothesis cannot be rejected).
Results
The surface topography of CoCr heads was dominated by carbide inclusions on the order of 300 to 500 nm deep, whereas Mg-PSZ heads were characterized by small linear features, typically 100 lm long and 50 to 150 nm deep, created during the final polishing process (Fig. 1) . The DLC coating appeared to help fill in low points on the surface, reducing the depth of carbide inclusions found in CoCr surfaces, but the topographies of DLC-coated CoCr and Mg-PSZ specimens were similar to their respective uncoated substrates (Fig. 1) . The DLC coating had little effect on surface roughness measurements of Mg-PSZ substrates ( Table 1) , whereas the DLC coating reduced Sa (p = 0.06; power = 0.55) and reduced Sq (p = 0.03) on CoCr substrates. Wettability (Fig. 2) was enhanced by the DLC coating, transforming CoCr from a hydrophobic surface (h c = 93.08) to a hydrophilic surface (h c = 72.38; p \ 0.001) and reducing the contact angle of Mg-PSZ specimens (from h c = 78.68 to 70.58; p = 0.004). The average contact angles of DLC-CoCr and DLC-Mg-PSZ were similar (p = 0.15; power = 0.29).
In hip wear simulator tests, all XLPE test liners initially gained weight relative to the soak controls, possibly owing to protein adsorption. Liners bearing against CoCr heads began to lose weight after 1.125 million cycles. Liners interacting with Mg-PSZ and DLC-Mg-PSZ heads began to lose weight after 3.5 million cycles, but overall exhibited a net mass gain up to 8.5 million cycles (Fig. 3) . Protein precipitation from the bovine serum was observed in all stations within the first 5000 cycles of each stage, but bulk serum temperature was similar among CoCr, Mg-PSZ, and DLC-Mg-PSZ stations (mean values of 348C, 328C, and 338C, respectively). After 11 million total wear cycles, the original machining marks were obliterated completely, with liners bearing against CoCr heads exhibiting somewhat larger scratches than those bearing against Mg-PSZ or DLC-Mg-PSZ ( Fig. 4) . Wear mass lost from liners bearing against CoCr femoral heads (average of 68.6 mg) was more than an order of magnitude greater (p = 0.11; power = 0.99, d = 7.6) than those bearing against Mg-PSZ heads (average of 4.0 mg), whereas liners bearing against DLC-Mg-PSZ exhibited similar wear compared with uncoated Mg-PSZ (Table 2 ). Regression analyses revealed that a secondorder polynomial provided the best overall fit (p \ 0.001) for liners bearing against CoCr heads, whereas linear regression was better for the Mg-PSZ and DLC-Mg-PSZ data (p \ 0.001) ( Fig. 3 ; Table 2 ). Comparing data from the last 2 million cycles ( Table 2) revealed CoCr femoral heads induced a wear rate seven times greater (p = 0.016) than Mg-PSZ femoral heads (11.7 versus 1.7 mg/million cycles), whereas DLC-Mg-PSZ femoral heads exhibited a Progressive roughening at the pole region of the femoral heads was not observed for any materials used in the hip wear simulator tests, although optical profilometry became increasingly difficult to perform for all femoral head types owing to decreased surface reflectivity, possibly attributable to protein deposition. The CoCr heads became scratched and qualitatively rougher in appearance, with evidence of carbide pullout, but the remaining carbide inclusions were deeper than the scratches and dominated the surface topography, whereas the scratches were gradually polished out during the test (Fig. 5 ). Mg-PSZ and DLC-Mg-PSZ heads did not roughen or become smoother, and DLC-Mg-PSZ heads did not exhibit pitting or other coating damage.
Discussion
Ceramic materials induced less wear than CoCr femoral heads in simulator studies [11, 39, 43] , but recent clinical studies reported no difference in wear of XLPE liners bearing against Y-TZP and CoCr femoral heads [17, 20, 21, 31, 45] . The use of DLC coatings [14, 25, 33] has been proposed as a method to enhance bearing surfaces in joint replacement, but DLC-coated metal femoral heads failed in clinical use [47] and did not reduce wear in simulator tests [18] . However, the wear performance and durability of uncoated and DLC-coated Mg-PSZ femoral heads is not known. The purpose of this observational study was to determine whether (1) the addition of a hard DLC coating would enhance the wettability of CoCr and Mg-PSZ substrates without increasing surface roughness, (2) the use of Mg-PSZ would result in less wear compared with CoCr femoral heads, and (3) the use of DLC-coated Mg-PSZ femoral heads would further reduce its wear potential. In addition, we qualitatively evaluated whether (4) the femoral head materials exhibited progressive roughening or other degradation during the wear test.
The primary limitation of our observational study was that only eight wear stations (two CoCr, three Mg-PSZ, and three DLC-Mg-PSZ heads) were available in our hip simulator, which reduced the power and made it difficult to discern why liners bearing against CoCr began to wear at a nonlinear rate. Given the time and other resources required to perform any wear simulator test, and the fact that only liners bearing against CoCr heads exhibited a net mass loss after 5 million cycles, we believe it was better to run one longer test as an observational study instead of two shorter but identical tests, although two identical tests would have doubled the number of specimens. Second, we lacked * Net wear (mass lost after correcting for soak controls) of XLPE liners for each femoral head type after 11 million cycles; after liners stopped gaining weight, the CoCr wear data were best described by a second-order polynomial, whereas the Mg-PSZ and DLC-Mg-PSZ data were best described by linear regressions; à steady-state wear rate data revealed that CoCr wore at a significantly greater rate than Mg-PSZ, but DLC-coated Mg-PSZ femoral heads did not further reduce wear. load/soak controls (only soak controls were available).
Because the soak controls were not cyclically loaded, they might have absorbed less fluid than the wear test specimens, leading to an apparent ''negative'' mass loss, even after soak correction. The initial net mass gain of the XLPE liners relative to the soak controls probably is attributable to protein deposition. Protein films have been directly observed on the bearing surfaces of retrieved implants, and initially may have enhanced wear resistance [49] . Third, femoral head temperature could not be controlled. Protein precipitation from the bovine serum used as a lubricant was observed in all stations, regardless of material type. This suggests that despite average bulk serum temperatures of 34°C or less, the head/liner interface temperature may have exceeded 60°C [27] in all stations. Fourth, the use of only distilled water to measure contact angle prevented the calculation of surface-free energy, but the contact angle data clearly illustrated the enhanced wettability of DLC-coated heads relative to noncoated heads. Finally, this study was limited by the lack of specific information regarding the deposition conditions or the DLC coating. Based on the contact angle data, along with previously published nanoindentation [38] and scratch test data [35] , we are satisfied that the DLC coatings on the Mg-PSZ and CoCr specimens in this study are substantially similar, allowing a valid comparison, regardless of the exact coating composition. Mg-PSZ femoral heads were smoother and more wettable than CoCr heads, whereas DLC coatings improved wettability but did not affect the average surface roughness when compared with uncoated CoCr and Mg-PSZ substrates. Smooth counterface surfaces and hydrophilic surfaces promote a lower coefficient of friction and enhanced lubrication [1, 12, 13, 46] . The lower roughness of uncoated Mg-PSZ and the absence of large substrate discontinuities, such as carbide inclusions found in CoCr surfaces, imply that DLC coatings may be more durable on Mg-PSZ than on CoCr substrates [42, 48] .
Liners bearing against Mg-PSZ femoral heads exhibited a wear rate that was seven times less than that of CoCr heads, possibly attributable to enhanced lubrication from the lower roughness and greater hydrophilicity of Mg-PSZ. Liners bearing against CoCr femoral heads exhibited consistent XLPE mass loss similar to reported hip simulator data up to 5 million cycles [19] . However, the rapid increase in wear of the XLPE liners bearing against CoCr after approximately 8 million cycles cannot be explained easily with just two CoCr femoral heads, and may be attributable to increased macroscopic roughness of the head, such as a raised edge that was worn down gradually with subsequent wear [1, 13, 46] . A similar increase in wear was not observed for Mg-PSZ femoral heads, which exhibited linear wear rates up to 11 million cycles, suggesting that the use of Mg-PSZ femoral heads instead of CoCr heads in THA will lead to reduced wear in vivo.
Additional reduction of wear was not achieved by using DLC-coated Mg-PSZ femoral heads instead of uncoated Mg-PSZ heads. Galvin et al. [18] likewise reported a small increase in wear of liners bearing against DLC-coated CoCr femoral heads, relative to noncoated femoral heads. The true advantage of a DLC-Mg-PSZ femoral head might be in its resistance to abrasive wear [35] . Debris from a fractured alumina ceramic component can lead to severe damage of metal components [22, 24, 29] . Owing to the difficulty in removing 100% of all debris after alumina Wear of Mg-PSZ Femoral Heads 2343 component fracture, the use of a DLC-Mg-PSZ femoral head may be indicated at revision to reduce the likelihood of additional damage. Future hip wear simulator tests may include bovine serum loaded with third-body alumina particles to examine the durability of each femoral head type in an abrasive environment. Although the CoCr femoral heads in the current test were easily scratched, likely owing to third-body wear from carbides excavated during the test [13] , the roughening of CoCr heads reported by others after 7 million cycles [28] was not observed. However, the roughness scans were limited to a small area near the pole and were dependent on the reflectivity of the surface, which decreased for all material types during the tests. Compared with Y-TZP, Mg-PSZ is much more stable and resistant to phase transformation [36, 37] , and as expected, no degradation of the surface of Mg-PSZ was observed. In contrast to the poor clinical performance of DLC-coated titanium alloy heads [47] , DLC-Mg-PSZ heads did not roughen or exhibit pitting during the wear tests.
Cross-linked UHMWPE liners bearing against Mg-PSZ femoral heads exhibited a lower wear rate than those bearing against CoCr femoral heads, likely owing to the lower roughness and better wettability of the ceramic material. If a similar reduction in wear also occurs in clinical use, the use of Mg-PSZ femoral heads could constitute an important improvement in the long-term performance of total hip replacements. However, the low wear rate offered by Mg-PSZ was not further reduced by the addition of a DLC coating, despite a reduction in contact angle. Although DLC coatings may be advantageous to better resist abrasive third-body wear, its wear performance as tested does not justify the added cost.
